In situ photoemission electron spectroscopy ͑XPS͒ is used to elucidate the hydrogen etching mechanism in nitrogen implanted iron alloys. The samples were prepared by bombarding stainless steel with a broad nitrogen ion source in a high vacuum chamber. The photoemission spectra evolution on increasing hydrogen ion current is correlated with the nitrided surface properties. The presence of hydrogen is associated with oxygen removal, augmenting the surface nitrogen concentration. The total active sites at the surface are constant, i.e., oxygen competes with nitrogen sites on the surface. The absorbed oxygen is etched following a linear law on hydrogen ion flux. Simultaneously, the formation of metallic nitrides is enhanced. At the working temperature, the efficiency of the process is determined by a characteristic time that depends on hydrogen retention time, water formation and desorption time. The hydrogen etching mechanism is very important in thermochemical processes where surface oxygen determines bulk properties. Generally speaking, there is an abundant bibliography reporting that hydrogen eliminates oxygen on surface by chemical etching. However, the explanation of this effect relies on the general phenomenon of water formation from oxygen absorbed on Pt and Pd due to the presence of hydrogen.
1,2 Indeed, the surface etching mechanisms in complex processes such as plasma nitriding metal alloys are not yet available. Indeed, in this type of process, the control of the surface compounds is necessary to tailor the diffusion layer. This is particularly important for nitrogen diffusion in metallic alloys like stainless steel where stringent exigencies such as corrosion resistance, hardness, strength, and low resistance coefficient are required.
3,4 Among several nitriding methods, plasma is an important technology currently used to improve the alloy properties. This process consists first of nitrogen implantation and/or adsorption and afterward its bulk thermal diffusion. Indeed, an interplay involving plasma, neutral gaseous phases ͑including residual oxygen͒, nitrides surface formation, chemical etching, and physical sputtering, makes the problem particularly complex. The microscopic role at the material surface of hydrogen and oxygen on the nitrogen diffusion processes is especially important. For instance, it is well established that above a critical oxygen partial pressure with fixed ion beam energy, and current density, the chemisorptions of oxygen diminish the nitrogen diffusion into the bulk. 5, 6 Indeed, hydrogen is used as a chemical etching agent to prevent the deleterious effect of oxygen without a full understanding of the mechanisms involved. Therefore, a better understanding of how the hydrogen interacts with oxygen, nitrogen, and the metallic surface is mandatory for further improvement of nitrogen diffusion in bulk. Finally, we stress the importance of performing the experiments in situ, i.e., in a very precisely controlled atmosphere to elucidate the role of hydrogen.
In this article, we report the influence of the hydrogen etching mechanism in a metallic alloy during the nitrogen implantation process by in situ photoemission electron spectroscopy ͑XPS͒ studies. In this specific study, nitrides and oxygen species formed underneath the material surface are the focus of interest. Considering this premise, XPS is a well-established technique proving exactly the structure and composition of the most-top surface atomic layers.
7
Mirror polished, rectangular samples, 20ϫ 10 mm and 1 mm thick were prepared from the same commercial AISI 316 stainless steel lot ͑chemical composition in wt %, C : Ͻ 0.08, Si: Ͻ 0.5, P: 0.05, S: 0.03, Mn: 1.6, Mo: 2.1, Ni: 12.0, Cr: 17.0, Fe: balance͒. The implantation was performed in a high-vacuum chamber containing a 3-cm-diam dc Kaufman ion source attached to an ultrahigh vacuum chamber for XPS analysis. This type of gun allows a precise control of ion energy and current density. Details of the apparatus are described elsewhere. 8 The sample temperature was maintained at ͑380± 10͒°C during the implantation time of 30 min. This temperature was selected to avoid the CrN formation into the bulk, so corrosion resistance might be guaranteed. 9 This implantation time ensures a compositional dynamic equilibrium during implantation at the sample surface. 10 The background chamber pressure was Ͻ10 −4 Pa ͑P O 2 Ͻ 2 ϫ 10 −5 Pa͒. Nitrogen enters directly into the ion source with a constant flow rate, resulting in a partial pressure of 10 −2 Pa. The hydrogen partial pressure in the ion source was varied from 4.4ϫ 10 −3 to 2.2ϫ 10 −2 Pa. The nominal current of the Kaufman cell essentially did not change when hydrogen was added to the feeding gases of the gun. The oxygen partial pressure was fixed at 3.2ϫ 10 −3 Pa. In order to maintain a fixed total chamber pressure ͑1.2 Pa͒, an appropriated helium flux was added into the chamber, 11,12 It is stressed that the oxygen and helium gases were introduced in the chamber through an independent inlet ͑i.e., not through the ion source͒. The current density and energy of the ion beam were fixed at 0.28 mA/ cm 2 and ϳ50 eV, respectively. The ion current at the sample surface was measured using a Faraday cup and the mean ion energy was calculated using a scattering model that depends on the mean-free path.
9,13 For N 2 + ions with this energy, numerical simulation shows that the thickness of the implanted nitrogen layer is ϳ4-5 nm.
14 Conveniently, this thickness is similar to the characteristic escape depth for photoemitted electrons with kinetic energy in the 200-1500 eV energy range.
5 Immediately after nitrogen implantation, the chamber is flooded with helium to rapidly cool down the samples. Finally, the samples are transferred to the attached ultrahigh vacuum chamber for the XPS analysis. The XPS spectra were obtained by using the 1486.6 eV photons from an Al target ͑K␣ line͒ and a VG-CLAMP-2 electron analyzer. The total apparatus resolution was ϳ0.85 eV ͑linewidth plus analyzer͒. 6 The relative atomic composition at the sample surfaces was determined by integrating the core level peaks, properly weighted by the photoemission cross section. Figure 1 shows the N 1s core electron level photoemission spectra of two implanted samples using a nitrogen beam containing ͑H͒ and without ͑nH͒ hydrogen ions. The peak 1 ͑P1͒ is related to the formation of metallic nitrides ͑FeN x , CrN and ␥ N -FeN 4 ͒ and clearly increases when a relatively higher hydrogen partial pressure is used, i.e., if more hydrogen ions are present in the beam. On the other hand, the P2 band, which is related to NO x species, does not show appreciable changes on increasing the number of hydrogen ions present in the beam. In a previous work, it was demonstrated that oxygen is chemisorbed following a Langmuir isothermal law. 4, 7 One can think that the surface contains absorption active sites, with oxygen and nitrogen competing for them. Figure 1 strongly suggests that the presence of hydrogen ions in the beam leaves more free nitrogen atoms to form nitride compounds on the material surface ͑P1 band͒. Moreover, the inset shows that the total oxygen content decreases when hydrogen is used, confirming a chemical etching effect of hydrogen. Figure 2 shows the photoemission spectra of the Fe 2p 3/2 ͑a͒ and Cr 2p 3/2 ͑b͒ core electron levels. These spectra correspond to the same sample studied in Fig. 1 . When a beam containing N 2 + and H 2 + ions is used, the peaks shift to lower binding energies. This is seen in the lower panels of the figure where the spectra difference is shown. This shift ͑"chemical shift"͒ comes from an increment of the metallic nitrides and concomitantly, with a decreasing metallic oxides formation. 15 The origin of the bandwidth stems from different compound contributions and is beyond the scope of this article.
It is enlightening to investigate the influence of increasing hydrogen in the ion gun on the nitrogen retention at the material surface. Figure 3 shows a quite impressive linear dependence of nitrogen content at the surface as a function of the hydrogen partial pressure in the ion source. Moreover, the inset shows that hydrogen also diminishes the oxygen content at the surface. Indeed, the total content of nonmetallic elements ͑N+O͒ at the material surface is constant. These apparent complementarities strongly suggest a constant total number of surface active sites, i.e., oxygen competes with nitrogen for active sites. Indeed, this implies that extra hydrogen is necessary to increase surface nitrogen concentration since metallic oxides are thermodynamically much more stable than metallic nitrides. 16 An etching mechanism is suggested, assuming a process of absorption, water formation ͑thermodynamically speaking, water is a more stable reaction product than ammonia͒ and subsequent desorption. Therefore O 2 ͑g͒ ↔ 2O͑ad͒ chemisorption, O͑ad͒ + H 2 ͑imp͒ ↔ H 2 O͑ad͒ chemical reaction,
where H 2 ͑imp͒ stands for implanted H 2 molecules.
The formation of water and desorption causes the oxygen elimination, i.e., a chemical etching of the absorbed oxygen by hydrogen. In order to estimate the hydrogen flux, ͑H 2 ͒, let us assume that the total ion current density is proportional to the sum of the partial pressure of each gas feeding the gun. Therefore ͑H 2 ͒ =C H 2 P H 2 , where C is a constant, and H 2 ͑P H 2 ͒ represents the gas ionization cross sections ͑hydrogen partial pressure͒. In addition, x-ray experiments, that provide structural information up to 500 nm, show ͑not displayed͒ that N incorporates interstitially in the original ␥ phase ͑Fe-N centered face cubic͒ forming the ␥ N phase. This corresponds to the ␥ phase with N occupying octahedron interstitial sites. 17 The oxygen present in the chamber is chemically absorbed on this crystalline surface. Therefore, using the density of metallic atoms present at the surface ͑two metallic atoms per crystal face and per unit cell͒ and the metal ͓Me/O͔ ratio concentration obtained from XPS, one can obtain the surface oxygen density, i.e., ͓O͔ ͑No. atoms/ cm 2 ͒ at each hydrogen flux. Therefore, assuming that the difference between the oxygen surface density at zero hydrogen flux ͓͑O͔ 0 ͒ and the actual surface density at hydrogen flux ͓͑O͔ ͒ is proportional to the hydrogen flux ͑H 2 ͒, the following phenomenological relationship follows:
Here, is a temperature dependent characteristic time of the surface process related to the hydrogen retention, water formation, and desorption. As shown in Fig. 4 , the experimental data are very well fitted with Eq. ͑1͒. From the graph, = ͑0.32± 0.01͒s at 380°C.
In conclusion, the use of hydrogen in the plasma nitriding process increases the metallic nitrides content on the surface, simultaneously reducing the absorbed oxygen content. The surface active sites for nitrogen and oxygen are constants, i.e., oxygen competes with nitrogen to fill up the surface sites. The oxygen etching process is proportional to the hydrogen flux. The proportionality constant is a reaction characteristic time depending on temperature, hydrogen retention, water formation, and desorption processes. For the experiments reported here, this time is ͑0.32± 0.01͒s at 380°C, indicating a rather slow process. 
